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In virtual Compton scattering an electron is scattered off a nucleon such that the nucleon emits
a photon. We show that these events can be selected experimentally, and present the first evidence
for virtual Compton scattering from the proton in data obtained at the Stanford Linear Accelerator
Center. The angular and energy dependence of the data is well described by a. calculation that
includes the coherent sum of electron and proton radiation.
PACS number(s): 13.60.Fz, 14.20.Dh
A central question in subatomic physics is the description of the nucleon in terms of quarks and gluons. Traditionally, the electromagnetic structure of the nucleon has
been investigated with elastic electron scattering, deep-

inelastic scattering, and real Compton scattering. Elastic scattering has yielded the electromagnetic
form factors [1,2] related to charge and current distributions
in
the nucleon. Deep-inelastic scattering has established the
existence of pointlike partons inside the nucleon [3], and
provides access to the momentum and spin distributions
of these partons. Real Compton scattering has provided
information on the electric and magnetic polarizabilities
of the nucleon [4,5] which enter as the leading corrections
to the low-energy theorem (LET) [6].
Here, the virtual Compton (VC) scattering process
-y*N ➔ -yN is discussed, where a photon with virtuality
Q2 is absorbed on a nucleon which subsequently radiates
a real photon with energy (momentum) w' (¢). This
process is intrinsically a rich probe of nucleon dynamics,
since one can independently map out the dependence of
the VC process on Q2 , the virtual photon's polarization,
and the invariant mass of the hadronic intermediate state
W, given by
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Here p{, Ep, and M are respectively the momentum component along the ¢ direction, the energy, and the mass
of the outgoing proton. In addition, one can experimentally select the polarization of incident beam, target, or
recoiling proton. In the limit Q2 ➔ 0 the VC reduces to
the real Compton process, while in the limit W 2 ➔ M 2 it
becomes equivalent to elastic electron-proton
scattering.
The VC process provides a particularly
interesting
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probe of nucleon structure, since it represents a fully electromagnetic exclusive reaction, where significant initialand final-state interactions are absent [7]. Already more
than 40 years ago Drell recognized the sensitivity of
this reaction to negative energy states [8]. After this,
several authors have discussed the virtue of this reaction to study various aspects of nucleon structure.
In
the nonperturbative QCD (NPQCD) regime, below the
1r 0 -production
threshold, the VC process allows the determination of electromagnetic polarizabilities through
the measurement of q' -dependent contributions to the
LET [6,9]. These observables are determined by the
virtual excitation spectrum of the nucleon. In the region above the 1r 0 -production threshold VC scattering allows the study of s-channel effects of baryon resonances
[10]. Here W 2 can be chosen to optimize the sensitivity to the electromagnetic decay of a particular resonance (e.g., W 2 ~ Mj,). In the hard-scattering region,
Q2 > 1 (GeV /c)2, VC scattering can be employed to investigate the perturbative QCD (PQCD) description of
the nucleon wave function [11]. However, up to now no
data have been obtained for VC scattering. Recently, a
discussion of this process to test nucleon models in the
NPQCD [12] and PQCD region [13,14] has started, in
large part motivated by the advent of high-intensity continuous beam electron accelerators [e.g., the Continuous
Electron Beam Accelerator Facility (CEBAF)].
The reaction eN ➔ eN -y is dominated by contributions
from the photons radiated by the incoming and outgoing electrons. The corresponding lowest-order Feynman
diagrams can be calculated exactly using QED and are
termed Bethe-Reitler contributions.
The VC contributions are due to photon radiation by the nucleons and
can only be unambiguously calculated in the soft-photon
limit, where the cross section is independent of nucleonstructure ambiguities. In general they involve a sum over
all possible intermediate hadronic states. The calculation
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of the VC contribution requires either solving QCD or a
realistic nucleon model to describe its dynamical behavior and must also take into account the propagation of
intermediate nucleon resonances and other intermediate
states. Note that the reaction eN ➔ eN-y will also provide phase information on the nucleon matrix elements,
due to the interference of the (calculable) Bethe-Reitler
and VC contributions.
This phase information can be
used to determine the real part of the Compton amplitude (15].
Experimentally, the reaction eN ➔ eN -y can be kinematically determined by detecting a scattered electron
in coincidence with a proton using high-resolution magnetic spectrometers. The NE-18 experiment at the Stanford Linear Accelerator Center (SLAC) measured the
A(e, e'p) reaction for several target nuclei, using the 1.6
GeV /c and 8 GeV /c spectrometers [16] in coincidence.
Data for the 1 H(e, e'p) reaction were taken in order to
calibrate the coincidence detection setup, for an incident
(scattered) electron energy of 2.015 (1.400) GeV, scattering angle Oe = 37.29° and Q2 = 1.15 (GeV/c)2. A 2 µA
electron beam was incident on a 4 cm LH2 target and a
total of 5 x 104 counts were measured. The electron beam
had a duty factor of 2 x10- 4 , and an energy resolution
of ± 0.1 %. A coincidence time resolution of 0.8 ns (full
width at half maxium (FWHM)] was achieved. Uncertainties (FWHM) are 0.1% for the beam energy, and 0.5
mrad for the scattering and outgoing proton angle. Further details on the detector setup and the data analysis
can be found in Refs. [17-19]. The measurement of the
VC contribution is complicated due to the fact that an
abundance of photons will be radiated by the incoming
and scattered electrons. This will lead to radiation tails
in the missing-energy and momentum plane, defined by
Em= w - Ep' +Mand
p;. = if- p', with w (q) the energy (momentum) transfer and Ep, ('P') the final proton

FIG. 1. Event distribution versus Em and Pm (in GeV) without radiative corrections for the reaction 1 H(e,e'p). The two
radiative tails due to photon emission of the electron before and after the interaction can be observed. The sign of p;. is + (- )
in case the angle of p;., with respect to the incident electron, is < (>) 9e/2.
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energy (momentum).
For the reaction eN --+ eN'Y one
has w' = Em and q1 = p;.. Figure 1 demonstrates this
effect with the data recently obtained at SLAC. The tails
due to radiation of the incident and scattered electrons
are readily observed. It is seen that the radiated events
are distributed along lines with Em = IP;.I as required
for real photons.
The angular distribution of the emitted photons can
be reconstructed from the measured p;.. We will only
consider events with a missing energy (~ w') larger than
20 Me V since in the region w' --+0 Me V the experimental
resolutions, 8 MeV (10 MeV /c) in missing energy (momentum), do not permit an accurate reconstruction
of
the photon angle. Furthermore, applying a lower cutoff
in w' is needed to minimize effects due to multiphoton
emission. Figure 2 shows the angular distribution of the
count rate for events with E"' > 30 Me V. The invariant mass of the photons has been reconstructed from the
kinematics and the photon events are well separated from
the 1r 0 -production channel. It is seen that electron radiation is predominantly in the direction of the initial and
final electrons, in accordance with the peaking approximation [20]. Note that a broad distribution of events is
seen in the direction of the outgoing proton.
Next, the angular distributions were calculated in the
soft-photon limit. Here, the proton contribution corresponds to radiation from a Dirac particle with the usual
form factors F 1 (Q2 ) and F 2 (Q 2 ). The standard formalism by Mo and Tsai [21] was extended to coincidence
(e, e'p) reactions [22], enabling a calculation of the softphoton differential cross section of the 1 H(e, e'p)'Y reaction. This differential cross section was reduced to the
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cross section for (multi)photon emission with total energy w' and angle 0-r in the scattering plane. For this
we used polar coordinates, integrating over the range of
tan( ¢-r) accepted by the phase space. Effects arising from
imperfect knowledge of the phase space were suppressed
through an energy cut, w' < 80 MeV, applied for radiated
photons along the incident electron beam. The absolute
photon rate was calculated by folding the cross section
over the spectrometer acceptances and including experimental resolutions. No normalization factors were used.
The data has a systematic uncertainty of 6.6%, which is
mainly due to uncertainty in the detection phase space.
As Fig. 2 shows, the agreement between data and simulation is excellent.
Having verified that we satisfactorily understand the
angular distribution of radiated events (note that only
about 3 x 103 out of a total of 5 x 104 events have radiated more than 30 Me V), a region sensitive to the VC
scattering process is selected. That such a region exists
is illustrated in Fig. 3, which shows the calculated angular distribution of radiated photons in the single-photon
limit. For this, the total radiative effects can be divided
into three parts, one solely due to electron radiation (Oee),
one due to the contribution from electron-proton interference (oep), and one due to the contribution from direct
proton radiation (opp)only. It is seen that radiation from
the proton is dominant for photon angles less than -80°,
while in the photon angle range between -60° and -20°
one expects about a similar amount of photons originating from VC processes as from Bethe-Reitler processes
(see also the inset of Fig. 2). We would like to point
out the differences between Figs. 2 and 3. In Fig. 3
the prominent dip along the proton angle reflects the
character of dipole radiation boosted along the particle's
momentum, emphasized in the single-photon limit. The
electron radiation peaks (oee) also have sharp minima at
their maxima, but because the boost of the dipole pattern is so large, the minima are so narrow that they are
not shown in the figure. In Fig. 2 a complete angular
distribution of radiated photons is calculated, where all
multiphoton contributions are taken into account.
In Fig. 4 we show the number of radiated events versus

Cf.l

E-<

~ 400
0

u

!~
ohtt!]
0

-50

0

z

103

50

®'>' (DEG)

',

'

I'

.,,

,,·,:·1/
\(1

FIG. 2. Calculated angular distribution of radiated events
in comparison with NE-18 data for w' > 30 MeV. The
solid ( dotted; see inset) curve shows the prediction in the
soft-photon
limit for Bethe-Heitler
and VC contributions
(Bethe-Heitler only). The central angle 9,., for the incident
(scattered) electron and outgoing proton are 0° (37.29°) and
-43.29°, respectively.
Note that the inset shows the region
-60° < 9,., < -20° with a different vertical scale.
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FIG. 3. Angular distribution
of radiated photons in the
single-photon limit.
No acceptance effects are taken into
account.
The various curves denote the dee (dotted), dep
(dot-dashed), and dpp (dashed} contributions.
The solid curve
shows the coherent sum of the various contributions.
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FIG. 4. Number of radiated events versus the cutoff energy w', in the intervals -60° < 0-y < -20° [radiation along
the proton direction (a}), -20° < 0-y < 20° [radiation along
the incident electron direction (b)], 20° < 0-y < 50° [radiation along the scattered electron direction (c)], and the region 50° < 0-y < 90° (d}. The solid {dotted} curve shows the
prediction in the soft-photon limit for Bethe-Reitler and VC
contributions (Bethe-Reitler only).

the cutoff energy w', in various intervals t:..0"f. The dotted
curve shows the prediction when only Bethe-Reitler contributions are taken into account. This calculation gives
a good description of the energy dependence of the data
measured in the intervals -20° < 0"f < 20° (Fig. 4(b)],
and 20° < 0"f < 50° [Fig. 4(c)], corresponding
to radiation along the incident and scattered electron. A good
description is also obtained for the radiated photons in
the angular range 50° < 0"f < 90° (Fig. 4{d)], which is
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of the nucleon.
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